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An in vitro phantom study on the influence of tear
size and configuration on the hemodynamics of
the lumina in chronic type B aortic dissections
Paula A. Rudenick, MSc,a Bart H. Bijnens, PhD,b David García-Dorado, MD, PhD,a and
Arturo Evangelista, MD, PhD,a Barcelona, Spain
Objective: Management and follow-up of chronic aortic dissections continue to be a clinical challenge due to progressive
dilatation and subsequent rupture. To predict complications, guidelines suggest follow-up of aortic diameter. However,
dilatation is triggered by hemodynamic parameters (pressures/wall shear stresses) and geometry of false (FL) and true
lumen (TL), information not captured by diameter alone. Therefore, we aimed at better understanding the influence of
dissection anatomy on TL and FL hemodynamics.
Methods: In vitro studies were performed using pulsatile flow in realistic dissected latex/silicone geometries with varying
tear number, size, and location. We assessed three different conformations: (1) proximal tear only; (2) distal tear only; (3)
both proximal and distal tears. All possible combinations (n  8) of small (10% of aortic diameter) and large (25% of
aortic diameter) tears were considered. Pressure, velocity, and flow patterns were analyzed within the lumina (at proximal
and distal sections) and at the tears. We also computed the FL mean pressure index (FPImean%) as a percentage of the TL
mean pressure, to compare pressures among models.
Results: The presence of large tears equalized FL/TL pressures compared with models with only small tears (proximal
FPImean% 99.85 0.45 vs 92.73 3.63; distal FPImean% 99.51 0.80 vs 96.35 1.96; P< .001). Thus, large tears resulted
in slower velocities through the tears (systolic velocity <180 cm/s) and complex flows within the FL, whereas small tears
resulted in lower FL pressures, higher tear velocities (systolic velocity>290 cm/s), and a well-defined flow. Additionally, both
proximal and distal tears act as entry and exit. During systole, flow enters the FL through all tears simultaneously, while during
diastole, flow leaves through all communications. Flow through the FL, from proximal to distal tears or vice versa, is minimal.
Conclusions: Our results suggest that FL hemodynamics heavily depends on cumulative tear size, and thus, it is an important
parameter to take into account when clinically assessing chronic aortic dissections. (J Vasc Surg 2013;57:464-74.)
Clinical Relevance: Therapeutic decision making in chronic aortic dissection is mainly based on maximum total aortic
diameter, while it was shown that diameter alone is not a reliable determinant of rupture and progression. Recent findings
in patients have demonstrated the influence of tear size on the chronic evolution. Our approach complements these
findings and makes it possible to understand the hemodynamic changes that are involved in tears of different sizes, both
with regard to pressures and flows. Helping to understand these changes will provide more insight into determining what
the exact clinical factors are that should be looked at during the follow-up of patients.
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cAortic dissections represent an important cardiovascular
disease. While having low prevalence, they are associated with
high morbidity and mortality.1,2 Aortic dissections are be-
lieved to begin with the formation of an intimal tear that
exposes the media to pulsatile pressure of the intraluminal
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464lood. This leads to longitudinal media cleaving, dividing the
umen into two parts, the true (TL) and false lumen (FL).
While acute ascending aortic dissections require immedi-
te surgery, descending dissections are often treatedmedically
nd persist chronically.3,4 Nevertheless, a significant number
f patients experience posterior dissection-related adverse
vents and still have high mid-/long-term mortality, mainly
aused by dissection progression or recurrence or increasing
ortic dilatation, all of which may cause subsequent rupture.5
In current clinical practice, decision making in chronic
issections is mainly based on maximum total diameter,
ven if it has been shown that this parameter alone is not a
eliable determinant of rupture and progression.3,6-8 In
ddition, hemodynamic parameters (intraluminal pressure
nd flow conditions/wall shear stresses),9,10 geometrical
actors (such as aortic morphology, FL-TL communica-
ions, and relative FL/TL axial size),4,11,12 and biome-
hanical properties of the wall3,13 are all related to chronic
ilatation and rupture risk.
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Volume 57, Number 2 Rudenick et al 465In particular, low and high spatial and temporal varia-
tions of wall shear stress (WSS), and complex and disturbed
flow patterns contribute to deterioration of the wall.14,15
While tissue loses integrity, a feedback loop is initiated
leading to further dissection progression and lumen expan-
sion, which eventually can lead to rupture. High pressures
are also responsible for wall expansion and its degradation
due to increased circumferential tension, loss of muscle and
elastic cells, and collagen accumulation.13,16
Therefore, a better understanding and assessment of
aortic morphology and hemodynamics is needed to predict
dilatation and improve clinical stratification of risk of these
patients, facilitating a better therapeutic management.
Some studies using in vitro models to evaluate hemo-
dynamics in chronic dissections have been published.
Chung et al17 studied the effects of anatomic and physio-
logical factors involved in TL collapse; Tsai et al11 studied
the impact of intimal tear size, number, and location on FL
pressure; and Iwai et al18 analyzed flow phenomena. How-
ever, none have performed an integrated analysis of the
influence of tear configuration on TL/FL flow, pressures,
and velocities across tears.
The aim of our study was to evaluate the influence of
different morphologic configurations on TL/FL hemody-
namics in descending aortic dissections. For this, we ac-
complished in vitro studies, under physiological pressure/
flow conditions, on idealized flexible models varying tear
size, number, and location.
METHODS
In order to study the effects of physiological flow in
different geometries, we assessed flow patterns and hemo-
dynamics in flexible models using a pulsatile circuit mim-
Fig 1. a, Synthetic geometry of a type B aortic dissec
Consecutive processing steps developed to make latex ph
lumen.icking the cardiovascular system. tPhantom. Compliant phantoms of dissected aortas
Fig 1) were made. The models (excluding the aortic arch)
ere constructed using anatomic measurements obtained
rom literature19-23 to create a simplified version of a po-
ential patient with a chronic type B dissection, similar to
he models used by others.11,17,18 Each model consisted
f two parts to mimic a dissection. The TL wall was made
f silicone and the FL outer wall of latex. The TL
onsisted of a silicone tube (16-mm inner diameter;
-mm wall thickness) in which holes were made. The FL
as made by first creating the desired geometry using clay
nd polyvinyl chloride tubes. Next, a silicone mold (Room-
emperature-Vulcanizing silicone elastomer; Jordi Sagristá,Bar-
elona, Spain) was generated, which formed the basis to
reate multiple wax casts. After solidifying, the wax models
ere polished and used in a lost-wax technique to create a
hantom by dipping in liquid latex (Kryolan Spain, S.L.,
adrid, Spain) many times at 1-hour intervals. To remove
uperfluous wax, the model was heated once the coating
as finished.
To simulate proximal and distal tears, circular holes of
- or 10-mm diameter were created, corresponding to 10%
nd 25% of the dissected segment diameter (40 mm),
espectively, and representing a clinically mild or severe
issection. The proximal tear was placed 20 mm from the
nset of the dissected segment, while the distal tear was
ocated 20 mm before the end of it.
The models studied differed in tear size, number, and
lacement. We assessed three different conformations: (1)
roximal tear only; (2) distal tear only; (3) both proximal
nd distal tears. All possible combinations were considered
or each of these morphologic configurations (Fig 2; nota-
Schematic diagram of the dissected aortic section. b,
s of type B aortic dissections. FL, False lumen; TL, truetion.
antomion: Cproximal size, distal size).
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tory system, was set up to evaluate flow and hemodynamic
characteristics under controlled conditions (Fig 3, a). Its
components were a pulsatile pump, a compliance chamber
(1000 cm3), the dissection model, and a fluid collector, all
connected by polyvinyl chloride tubes. The entrance length
was sufficiently long to get a fully developed, nonturbulent
flow at themodel inlet. The circuit contained water at room
temperature. Graphite powder (180 g in 7 L) was added as
contrast agent for ultrasonic imaging. The pump (model
1423; Harvard Apparatus, Holliston, Mass) was pro-
grammed to mimic normal left ventricular output (heart
Fig 2. Geometrical description of the different models
referred to as CP,D, where P indicates the diameter of th
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Fig 3. a, Diagram of the pulsatile flow circuit. Valves ar
chamber damps the pump outflow. b, Example of mea
lumen; TL, true lumen.rate  65 bpm, stroke volume  70 mL, and systolic/ 3iastolic duration ratio30/70). To adjust peripheral re-
istance and systemic pressure, valves were placed proximal
nd distal from the phantom. To simulate typical condi-
ions in a normal aorta, the pressure waveform and pulse
ressure at the inlet of each model were adjusted to obtain
systolic pressure of 120 to 125 mm Hg and diastolic
ressure of 80 to 90 mm Hg. This resulted in a flow of
bout 5 L/min.
Measurements. Fig 3, b illustrates the measurements
n each phantom. Retrograde catheterization was per-
ormed from an access distal from the model. TL/FL
ressures were recorded with a Mikro-tip catheter (SPC-
rtic dissections used in this study. Each configuration is
ximal tear and D the distal tear diameter. C, Case.
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proximal to the dissection.
Flow was measured using an ultrasonic flowmeter
(Transonic Systems Inc, Ithaca, NY) at the inlet (15 cm
proximal) of the models. Pressure and flowwaveforms were
acquired using a PowerLab 16/30 with LabChart Pro
(ADInstruments, Colorado Springs, CO). We performed
echocardiographic imaging with a high-end clinical scanner
(Vivid Q – i12L-RS transducer; GE Healthcare, Madrid,
Spain). Grayscale and B-flow imaging were used to visu-
alize structures and flow patterns in the lumina, while
velocities at the tears were acquired using pulsed-wave
Doppler.
Data analysis. Pressures were temporally aligned
based on inlet flow measurements (using minimal flow as
reference) and averaged over at least 10 cycles. Pressures
were baseline corrected by diastolic inlet pressure and nor-
malized by inlet pulse pressure for model comparison. The
systolic time period was defined from minimal inlet flow to
the time where pressure decreased to half of its maximal
excursion. Systolic and diastolic means were calculated
accordingly.
As in Tsai et al,11 we computed the FL diastolic pressure
index (FPIdiastolic%) as a percentage of TL diastolic pressure; FL
systolic pressure index (FPIsystolic%) as a percentageofTL systolic
pressure; andFLmeanpressure index (FPImean%)as apercentage
of TLmean pressure.
Differences in systolic (systolic%) and diastolic pressure
(diastolic%) were assessed as a percentage of systolic and
diastolic pressure at the inlet, respectively.
Statistical analysis. All data are expressed as means
standard deviation. Least squares linear regression was per-
formed to test correspondence between pressure and flow.
Group means were analyzed by the one-factor analysis of
variance test. TheMannWhitneyU test was used to analyze
difference of indexes (FPIsystolic%, FPIdiastolic%, and
FPImean%) between models with only small tears and at
least a large tear. A P value.05 was considered significant.
RESULTS
Pressure. Table I and the Supplementary Table (on-
line only) show the pressure measurements. In the presence
of only small tears (Fig 4; C4,0, C0,4, and C4,4), mean
(normalized), systolic mean, and diastolic mean FL pres-
sures were lower compared with TL, increasing when there
were both proximal and distal small tears. With only small
tears, the difference between systolic mean and diastolic
mean pressure was less, with damped FL pressure curves
(Fig 5, a). The existence of at least one large tear increased
systolic mean and diastolic mean pressures and led to larger
FL pressure variation.
Models with only small tears resulted in bigger pressure
gradients between TL and FL, with FL pressure signifi-
cantly lower than TL compared with cases with at least one
large tear (Table II; proximal FPImean% 92.73  3.63 vs
99.85  0.45; distal FPImean% 96.35  1.96 vs 99.51 
0.80; P  .001), except for the diastolic FL/TL pressure
gradient at the distal part, where these models showed a Cigher pressure difference than those with large tears (distal
PIdiastolic% 101.19  0.33 vs 100.07  1.37; P  .001).
L pressure waves were displaced with respect to TL curves
ith a delayed systolic peak. On the other hand, models
ith at least a large tear had increased FL pressures equal-
zing the FL/TL pressure gradient and exhibiting more
imilar TL and FL pressure waveforms than in the presence
f only small tears (Fig 5, b).
Tear velocity. Velocities across the communications
Fig 6; Table III) are determined by the pressure gradient
nd therefore were different for the different tear sizes and
onfigurations.
Flowwas bidirectional, with flow fromTL to FL during
ystole and in the opposite direction during diastole. Thus,
uring systole, there was inflow into the FL from both the
roximal and distal tear, while in diastole, there was dis-
harge from both tears simultaneously, suggesting that
ost of the volume entered and left the FL from the same
ear instead of going from a proximal entry toward a distal
xit.
The presence of only small tears exhibited clearly ele-
ated maximum systolic and diastolic velocities across the
ame tear (systolic velocity290 cm/s and diastolic veloc-
ty 160 cm/s). The presence of two small tears slightly
educed velocities compared with cases with only one small
ear. On the other hand, in the presence of at least one
arge tear, peak systolic and diastolic velocities, even at
mall tears, were decreased by more than half in some
ases. Flow was always bidirectional, but, in these cases,
ith an important discharge during early diastole and al-
ost no discharge at late diastole.
In addition, C4,10 showed a bidirectional flow across
he small proximal tear with a tricyclic structure during
iastole, directed from FL to TL at early diastole and then
oing in and going out again.
Correspondence between pressures and velocities.
ince we measured tear velocities and pressure gradients
onsimultaneously and with different technologies, we
hecked correspondence between maximal velocities calcu-
ated (using the simplified Bernoulli equation) from the
radients of measured pressures and maximal Doppler ve-
ocities. Supplementary Fig 1 (online only) shows the sta-
istically significant linear regression.
Volume exchange. The volume passing through a
ear was derived using pulsed-wave Doppler by integrating
elocities over one cycle and multiplying by the area.
Supplementary Fig 2 (online only) shows the total
olume going in and out of the tears in the different models
uring one cycle. The total incoming (Vin) and outgoing
Vout) volume for each model was the same (conservation
f volume). Cases C10,0 and C0,10 (only one big tear)
howed the highest Vin, even more than case C10,10, which
as two big tears. Case C0,4 also showed a bigger total Vin
han caseC10,10. Therefore, total incoming volume was not
ecessarily directly related to the number and size of tears
ut rather to the combination of tears.
Fig 7 shows FL V and V for each model. C andin out 4,0
0,4 on one hand, and C10,0 and C0,10 on the other hand,
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size despite different locations.
All cases presented a balanced Vin/Vout rate at each
tear.
Flow patterns. The way in which flow entered the FL
depended on tear size (Fig 8). A small tear resulted in a
concentrated jet-like inflow directly hitting the FL wall,
while a large tear resulted in a wider, less-focused jet
colliding with the wall in an oblique way and affecting a
more extensive area. This pattern only depended on tear
size, because no differences were detected between jets at
proximal and distal tears when size was similar.
Once flow entered the FL and mostly during diastole,
Table I. Pressure (normalized) in all phantoms at differen
Location
C4,0
n  10
TL proximal
Systolic% 101.02  0.25
Diastolic% 99.79  0.23
Norm mean 0.51  0.01
Systolic mean 0.67  0.02
Diastolic mean 0.15  0.01
n  10
FL proximal
Systolic% 77.17  0.09
Diastolic% 97.68  0.17
Norm mean 0.14  0.00
Systolic mean 0.16  0.01
Diastolic mean 0.05  0.01
Comparison of proximal pressures
FPIsystolic% 76.39  0.17
FPIdiastolic% 97.89  0.16
FPImean% 88.84  0.12
n  10
TL distal
Systolic% 100.08  0.22
Diastolic% 98.66  0.20
Norm mean 0.49  0.00
Systolic mean 0.64  0.02
Diastolic mean 0.13  0.00
FL distal
Systolic%
Diastolic%
Norm mean
Systolic mean
Diastolic mean
Comparison of distal pressures
FPIsystolic%
FPIdiastolic%
FPImean%
FL, False lumen; FPIdiastolic%, FL diastolic pressure index; FPImean%, FL me
a, b, c, d, e, f, gDenote significant differences with respect to C4,0, C10,0, C0,4,the areas near large tears showed important flow separation, bormation of vortices, and development of turbulence. In
articular, C10,10 and C0,10 showed large areas of turbu-
ence at the distal site.
We observed bidirectional flow across tears in all mod-
ls. Thus, all were acting as entry and exit during some
eriods of the cycle.
Although phantoms with open communication
howed bidirectional FL flow, flow velocities in the middle
ection seemed to be significantly reduced with the pres-
nce of only sporadic collisions of flows coming from
ifferent directions (Fig 9, a). Moreover, we observed low
L latent flow at the blind side in phantoms with only one
ear. Here, flow propagated to the blind end and reflected
ations
Model
C10,0 C0,4 C0,10
n  11 n  10 n  10
.37  0.21a 99.90  0.26a,b 101.95  0.15a,b,c
.98  0.30 99.48  0.21b 101.21  0.14a,b,c
.51  0.01a 0.49  0.01a,b 0.54  0.00a,b,c
.66  0.01 0.65  0.01 0.70  0.01a,b,c
.20  0.01a 0.16  0.00b 0.19  0.01a,b,c
n  11 n  10 n  10
.25  0.21a 80.87  0.18a,b 103.66  0.18a,b,c
.04  0.33a 98.20  0.31a,b 101.03  0.22a,b,c
.50  0.01a 0.14  0.01b 0.57  0.01a,b,c
.62  0.01a 0.19  0.01a,b 0.66  0.01a,b,c
.20  0.01a 0.04  0.01b 0.22  0.00a,b,c
.83  0.27a 80.99  0.27a,b 101.69  0.22a,b,c
.03  0.36a 98.69  0.41a,b 99.83  0.29a,c
.54  0.26a 91.91  0.29a,b 99.69  0.24a,c
n  10 n  11 n  10
.12  0.15a 99.74  0.16a,b 104.65  0.05a,b,c
.65  0.30 98.22  0.18a,b 100.37  0.12a,b,c
.50  0.01a 0.47  0.00a,b 0.58  0.00a,b,c
.66  0.01 0.62  0.02b 0.73  0.00a,b,c
.14  0.01a 0.12  0.00a,b 0.19  0.00a,b,c
n  11 n  10
81.11  0.15 104.65  0.29c
99.57  0.29 101.99  0.56c
0.16  0.01 0.59  0.01c
0.21  0.01 0.69  0.02c
0.07  0.01 0.23  0.01c
81.29  0.20 100.00  0.28c
101.39  0.32 101.61  0.59
94.45  0.17 100.25  0.46c
ssure index; FPIsystolic%, FL systolic pressure index; TL, true lumen.
, C4,4, C4,10 and C10,4,, respectively.t loc
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cases with a single small tear, there was a significant recir-
culation at the blind end and an important flow activity at
the middle (Fig 9, b and c).
DISCUSSION
Our main findings are that pressures, and therefore tear
velocities, mainly depend on the accumulated size of all
tears. With large tears present, irrespective of location, FL
and TL pressures equalize, and FL velocities are low with
complex flow, whereas with only small tears, FL pressures
never reach TL levels, and high velocity jets, impinging the
wall, are present. Additionally, both proximal and distal
Table I. Continued.
M
C4,4 C4,10
n  10 n  12
101.03  0.42b,c,d 101.62  0.18a,b,c,d,e
99.93  0.43d 101.50  0.22a,b,c,d,e
0.52  0.01c,d 0.54  0.00a,b,c,e
0.72  0.02a,b,c,d 0.70  0.01a,b,c,d,e
0.20  0.01a,c 0.23  0.00a,b,c,d,e
n  10 n  12
96.17  0.12a,b,c,d 102.80  0.20a,b,c,d,e
100.28  0.20a,c,d 101.33  0.26a,b,c,e
0.44  0.00a,b,c,d 0.56  0.01a,b,c,d,e
0.51  0.01a,b,c,d 0.69  0.01a,b,c,d,e
0.22  0.00a,b,c,d 0.23  0.01a,b,c,d,e
95.17  0.35a,b,c,d 101.03  0.24a,b,c,d,e
100.35  0.40a,c,d 99.67  0.23a,c,e
97.45  0.34a,b,c,d 99.68  0.14a,c,e
n  11 n  11
101.44  0.30a,c,d 104.42  0.17a,b,c,d,e
99.52  0.22a,b,c,d 104.30  0.23a,b,c,d,e
0.52  0.01a,b,c,d 0.61  0.00a,b,c,d,e
0.72  0.01a,b,c 0.77  0.01a,b,c,d,e
0.19  0.01a,b,c 0.29  0.01a,b,c,d,e
n  11 n  11
95.98  0.13c,d 103.16  0.13c,d,e
100.52  0.18c,d 102.91  0.25c,d,e
0.44  0.00c,d 0.58  0.00c,d,e
0.54  0.01c,d 0.71  0.01c,d,e
0.22  0.00c 0.26  0.01c,d,e
94.59  0.37c,d 98.79  0.26c,d,e
100.99  0.21c 98.63  0.43c,d,e
98.26  0.22c,d 98.59  0.33c,dtears act as entry and exit into the FL. During systole, flow lnters the FL through all tears simultaneously, while during
iastole, flow leaves through all communications. Flow
ithin the FL, from proximal to distal tears or vice versa, is
inimal. Therefore, the FL acts as a side chamber of the
L, and FL pressure waveforms are a damped version of the
Ls, with damping inversely proportional to the cumula-
ive size of connecting orifices.
While some clinical20,24 and in vitro11,17,18 studies
valuated hemodynamics in aortic dissections, none per-
ormed an integrated analysis of influence of tear configu-
ation on TL/FL flow, pressures, and velocities across
ears. The present in vitro study provides insight in how TL
nd FL hydrodynamics are highly influenced by morpho-
C10,4 C10,10
n  10 n  10
100.38  0.08a,c,d,e,f 100.76  0.13b,c,d,e,f
98.00  0.20a,b,c,d,e,f 100.53  0.19a,b,c,d,e,f,g
0.49  0.00a,b,c,d,e,f 0.52  0.00a,b,c,d,e,f
0.64  0.01a,b,d,e,f 0.66  0.01d,e,f,g
0.15  0.01b,c,d,e,f 0.21  0.01a,c,d,e,f
n  10 n  10
101.41  0.11a,b,c,d,e,f 100.84  0.16a,b,c,d,e,f,g
99.90  0.14a,c,d,e,f 100.40  0.32a,b,c,d,e,f
0.52  0.00a,b,c,d,e,f 0.52  0.01a,b,c,d,e,f
0.64  0.01a,b,c,d,e,f 0.65  0.01a,b,c,d,e,f
0.18  0.00a,b,c,d,e,f 0.20  0.01ac,e,f,g
101.02  0.17a,b,c,d,e 100.09  0.22a,c,d,e,f,g
101.94  0.32a,b,c,d,e,f 99.87  0.32a,c,e,g
100.61  0.21a,b,c,d,e,f 99.70  0.22a,c,e,g
n  10 n  10
100.61  0.10a,b,c,d,e,f 101.42  0.33a,c,d,e,f
96.89  0.13a,b,c,d,e,f 100.86  0.37a,b,c,d,e,f,g
0.48  0.00a,b,d,e,f 0.53  0.01a,b,c,d,e,f,g
0.64  0.01d,e,f 0.67  0.00b,c,d,e,f,g
0.13  0.01b,d,e,f,g 0.21  0.01a,b,c,d,e,f,g
n  10 n  10
100.66  0.18c,d,e,f 100.17  0.27c,d,e,f,g
97.92  0.24c,d,e,f 99.82  0.26d,e,f,g
0.49  0.01c,d,e,f 0.50  0.01c,d,e,f,g
0.62  0.01c,d,e,f 0.64  0.01c,d,e,f,g
0.15  0.01c,d,e,f 0.19  0.00c,d,e,f,g
100.06  0.22c,e,f 98.87  0.36c,d,e,g
101.11  0.30e 99.09  0.42c,d,e,g
100.19  0.19c,e,f 99.10  0.38c,d,e,godelogic configuration of aortic dissections, especially by tear
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February 2013470 Rudenick et alpresence/location and size. We assessed TL and FL pres-
sures at the proximal and distal sites of the lumina, velocities
across the tears, and flow patterns within the whole FL, and
showed how cumulative tear size influences them, which
has not been done before. This provides novel insight, since
flow is a relevant factor for remodeling, and its behavior is
complex along the lumen. When managing patients with
chronic type B dissections based on imaging, flow patterns
and velocities can be easily assessed noninvasively, thus
providing information on luminal pressures.
Our setup captured clinically observed phenomena,
such as bidirectional tear flow,25 multiphasic velocities dur-
ing diastole,26 retrograde FL flow,20,24,25 and high FL
pressures in the presence of large communications.27
Aortic dilatation is multifactorial, depending mostly on
wall stresses induced by cyclic FL pressure. High pressure
increases circumferential stress and distention. Chronically,
this changes FL elasticity, due to loss of muscle cells and
collagen accumulation.13 In our findings, TL/FL pressure
gradients, as well as FL pressures, were determined by tear
size (Table II; Supplementary Fig 3, online only). Cases
with at least one large tear showed pressure equalization
and exposed FL to higher pressures, similar to Tsai et al11
Fig 4. Profiles of (a) normalized proximal and (b) dist
lumen; TL, true lumen.
Fig 5. Pressure profiles in the true lumen (TL) and false
the presence of at least a big tear. C, Case.and Chung et al.17 Due to the damping effect of orifices, snhibiting fast pressure changes, FL pressures were lower
uring early systole, approaching TL pressures later during
ystole (if tears are sufficiently large). In diastole, FL pres-
ure drops slower, resulting in slightly increased diastolic
ressures, depending on presence/size of (mainly distal)
ears. When diastolic pressure waveforms are realistic and
ong enough (as in our setup compared with Tsai et al11),
nd orifices large, TL and FL diastolic pressures rapidly
qualize. These findings, of dampened pressure waveforms,
re supported by Tsai et al,11 where the difference between
L and FL pressures, especially for smaller tears, becomes
igger with increasing heart rate. Therefore, both cumula-
ive orifice sizes, as well as duration of individual phases of
he cycle, play a role in the resulting FL pressure trace.
These findings might explain clinical studies of dilata-
ion after surgery with proximal tear closure, because of the
resence of residual distal communications with consider-
ble cumulative size.23,28
Flow patterns and hemodynamic forces play an impor-
ant role in the pathogenesis of vascular diseases.29,30 In
ivo observations indicate that flow complexity and WSS
lterations play critical roles in remodeling.31,32 Fast lami-
ar flow and oriented high WSS encourage endothelial and
ssures in presence of only small tears. C, Case; FL, false
n (FL) (a) in the presence of only small tears and (b) inal prelumemooth muscle development,33 enhancing tissue integrity,
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lead to increased inflammation, mechanical weakening,
dilatation, and rupture.34
Our study exposes how the presence of only small tears
led to high tear velocities and more defined FL flows that
may protect tissue integrity. On the contrary, the presence
of at least a big tear reduced velocities significantly and
resulted in higher vorticity close to big tears and almost no
volume displacement, suggesting that the tissue may be
more susceptible to dilatation.
In all configurations, flow across tears was bidirectional,
meaning that they acted as entry as well as exit during some
periods of the cycle (in line with Stroetzer et al,20 Inoue et
al,24 and Mohr-Kahaly et al25). Volume exchange and tear
velocities reflected this, where flow was directed from TL
into FL during systole and in the opposite direction during
diastole, with balanced Vin/Vout ratios.
While evaluation of dissection hemodynamics, in par-
ticular, flows and WSS, are difficult and complex in vivo, an
in vitro approach offers means to study the integrative
behavior of dissections and shows that tear size and place-
ment clearly determine pressures, flow patterns, and veloc-
ities.
Limitations. We used silicone/latex with potentially
different compliance than the aorta. Coming closer to
aortic compliance might result in a different distribution of
volume going in/out at the tears but is not expected to
majorly change the conclusions and captured phenomena.
We studied idealized models with maximal two tears,
while patients regularly present with more tears35 or with
the dissection beginning exactly at a tear. Our tears are
normal to the flow, while in patients, these are often more
in-line. However, while dynamic pressure, influenced by
local flow, might vary, the major determinants of pressure
drop over, and velocity within tears are static pressures,
which are mainly determined by tear size.
The phantoms lacked arterial branches, while in reality,
Table II. Indexes in anatomic configurations with only
small tears and at least a large tear
Location
Anatomic configuration
Only small tears At least a large tear
n  30 n  50
Proximal part
FPIsystolic% 84.18  8.13 100.74  0.72
FPIdiastolic% 98.98  1.09 100.28  0.91
FPImean% 92.73  3.63 99.85  0.45
n  20 n  40
Distal part
FPIsystolic% 87.94  6.83 99.41  0.67
FPIdiastolic% 101.19  0.33 100.07  1.37
FPImean% 96.35  1.96 99.51  0.80
FL, False lumen; FPIdiastolic%, FL diastolic pressure index; FPImean%, FL
mean pressure index; FPIsystolic%, FL systolic pressure index.
P  .001 for all comparisons.several are present. This could result in more FL inflow and mnidirectional flow instead of bidirectional flow as ob-
erved.
The idealized anatomy might influence results, as geo-
etrical changes influence hemodynamics. Our model rep-
esents a linear dissection, while in vivo dissections can be
ig 6. Velocities through the tears in different morphologic con-
gurations: with only one small tear; two small tears; one small tear
nd one large tear; and two large tears. The highest systolic and
iastolic velocities corresponded to models with only small tears.
nward/systolic velocities are positive and outwards/diastolic ve-
ocities are negative. C, Case.ore complex, with presence of tortuosities and spiral flaps
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February 2013472 Rudenick et althat may make the characteristics of the lumina more
complex. Nevertheless, dimensions were based on clinical
measurements, and generic models seem to be ideal for
parametric studies and to give first insight into the influence
of dissection configurations on hemodynamics. As mod-
eled in Tsai et al,11 phantoms had reduced flap motion.
This is common in patients with chronic dissections that
show a more rigid or calcified flap.36,37 Tears were circular,
which is a reasonable approximation to what is observed in
humans in the chronic phase38 and when focusing on
pressures and maximal tear velocities.
We used water at room temperature as in Chung et al,17
which is less viscous than blood. However, we did not
detect important differences in velocity values and patterns
when using a glycerin/water solution at 37°C, with viscos-
ity and density similar to blood (Supplementary Fig 4,
online only).
Doppler was used to measure velocities. While being
the technique of choice for clinical follow-up,39 it is angle-
dependent. However, we ensured that the angle was small
by imaging perpendicular to the wall.
We performed retrograde catheterization to measure
pressures in order to maintain wall integrity and to use a
Fig 7. Volume going in (Vin) and going out (Vout) the f
during a cardiac cycle. Error bars represent standard dev
Table III. Peak systolic and diastolic velocities across prox
Location
C4,0
n  10
Proximal tear
Peak systolic velocity (cm/s) 319.400  9.800
Peak diastolic velocity (cm/s) 186.300  5.460
Distal tear
Peak systolic velocity (cm/s)
Peak diastolic velocity (cm/s)standard clinical approach for pressure assessment. This motentially caused partial tear obstruction by the transducer
hen in the FL. This also prevented measuring distal FL
ressures in models with only a proximal tear, because of
ack of catheter flexibility to make a 180° turn to access to
he distal site.
Practical application. At present, follow-up and
reatment of patients with aortic dissection seem to be
onideal, and it remains difficult to balance high morbidity
nd mortality rates registered during the chronic phase of
he disease with side effects and risks of surgical or endo-
ascular interventions. In current clinical practice, predic-
ion of outcome is mainly based on maximum total aortic
iameter, which is compared with clinical guidelines for
eciding on the best therapy. However, this has proven to
how severe limitations in assessing genesis and evolution
f dissections.6,7 Therefore, the need for better predictors
f evolution of aortic dissection is evident, especially to
redict FL dilatation and to evaluate and titrate a better
harmacologic management.
The study by Evangelista et al,40 in patients with
hronic dissections, identified the presence of a large entry
ear as predictor of complications and mortality. In line
ith this, our study demonstrates how cumulative tear size
men across the proximal and distal tears for each model
. C, Case.
and distal tears in all phantoms
Model
C10,0 C0,4 C0,10
n  10 n  10 n  10
310  1.493
600  1.647
324.900  3.071 172.200  6.233
185.400  6.433 86.100  3.446alse luimal
149.
78.ight negatively influence FL flow patterns, pressures, and
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Volume 57, Number 2 Rudenick et al 473velocities across tears. Therefore, this study provides infor-
mation that could be of importance during follow-up of
patients using imaging techniques, such as magnetic reso-
nance imaging, transesophageal echocardiography, and
computed tomography.
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Fig 8. Flow patterns within the dissected models at peak systole
and peak diastole. A concentrated jet-like inflow hitting the false
lumen (FL) wall during peak systole is observed at small proximal
and distal tears. On the other hand, inflow in the FL is a diffuse and
oblique one in the FL at large proximal and distal tears. Vortex and
turbulence formation in the FL at large tears are exhibited during
peak diastole. C, Case.
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Volume 57, Number 2 Rudenick et al 474.e1Supplementary Table (online only). Pressure measurem
Location
C4,0
n  10
Inlet
Systolic (mm Hg) 118.85  0.18 12
Diastolic (mm Hg) 78.46  0.13 8
n  10
TL proximal
Systolic (mm Hg) 120.07  0.29 12
Diastolic (mm Hg) 78.29  0.18 8
Mean (mm Hg) 93.77  0.17 9
n  10
FL proximal
Systolic (mm Hg) 91.72  0.10 12
Diastolic (mm Hg) 76.64  0.13 8
Mean (mm Hg) 83.30  0.08 9
n  10
TL distal
Systolic (mm Hg) 118.95  0.26 12
Diastolic (mm Hg) 77.40  0.15 8
Mean (mm Hg) 92.85  0.11 9
FL distal
Systolic (mm Hg)
Diastolic (mm Hg)
Mean (mm Hg)
FL, False lumen; TL, true lumen.ents in all phantoms at different locations
Model
C10,0 C0,4 C0,10
n  12 n  12 n  10
0.68  0.18 125.73  0.27 118.04  0.11
0.82  0.18 90.20  0.25 80.20  0.20
n  11 n  10 n  10
1.16  0.25 125.61  0.32 120.34  0.18
0.80  0.25 89.73  0.19 81.17  0.11
7.82  0.21 103.46  0.09 97.56  0.10
n  11 n  10 n  10
0.98  0.26 101.68  0.23 122.37  0.21
0.85  0.26 88.57  0.28 81.03  0.18
7.37  0.26 95.08  0.25 97.26  0.18
n  10 n  11 n  10
4.31  0.19 125.40  0.20 123.53  0.06
2.54  0.25 88.59  0.16 80.50  0.09
9.49  0.19 102.46  0.13 97.77  0.06
n  11 n  10
101.98  0.18 123.53  0.34
89.81  0.26 81.79  0.45
96.01  0.19 98.01  0.46
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Model
C4,4 C4,10 C10,4 C10,10
n  12 n  13 n  10 n  11
121.08  0.37 120.16  0.16 118.22  0.13 120.34  0.15
81.71  0.28 80.94  0.25 79.77  0.15 80.79  0.19
n  10 n  12 n  10 n  10
122.33  0.51 122.11  0.22 118.67  0.10 121.25  0.15
81.66  0.35 82.15  0.17 78.18  0.16 81.22  0.15
98.84  0.38 99.16  0.19 95.08  0.10 97.83  0.16
n  10 n  12 n  10 n  10
116.43  0.14 123.52  0.24 119.89  0.13 121.35  0.20
81.95  0.16 82.02  0.21 79.69  0.11 81.11  0.26
96.33  0.12 98.99  0.19 95.66  0.11 97.52  0.22
n  11 n  11 n  10 n  10
122.82  0.36 125.47  0.20 118.94  0.12 122.05  0.40
81.32  0.18 84.42  0.19 77.29  0.11 81.49  0.30
98.60  0.21 101.42  0.19 94.57  0.09 98.07  0.36
n  11 n  11 n  10 n  10
116.21  0.16 123.96  0.15 118.97  0.21 120.55  0.33
82.14  0.14 83.30  0.21 78.11  0.20 80.65  0.21
96.87  0.13 100.03  0.17 94.71  0.16 97.09  0.23Supplementary Fig 1 (online only). Relationship between the
maximum velocity registered by ultrasound (Vecho) and the maxi-
mum velocity computed from the true lumen/false lumen (TL/
FL) pressure gradient using the simplified Bernoulli equation
(VPG).
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Volume 57, Number 2 Rudenick et al 474.e3Supplementary Fig 2 (online only). Total incoming (V ) and outgoing (V ) volume registered in the false lumenin out
for each model during a pump cycle. Error bars represent standard deviation.
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upplementary Fig 3 (online only). True lumen (TL) and false
umen (FL) pressure waveforms during a pump cycle at the proxi-C4,0 - Proximal part
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Volume 57, Number 2 Rudenick et al 474.e5Supplementary Fig 4 (online only). Velocities registered across the tears at the proximal and distal part of case C10,10
for different perfusion fluids (water at room temperature vs glycerin and water solution at 37°C).
